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Abstract 
The ring-opening polymerization (ROP) of lactide has been done in two ways: microwave heating and conventional 
heating. The ROP has been successfully carried out with various initiators by the conventional method.  Experiments 
were carried out using a wide range of monomer to initiator ratio. Polymerization reactions were carried out in two 
different environments in the reaction vessel, an inert gas cover and partial vacuum. The polymerization rate is much 
faster in microwave heating than that in conventional heating. It is shown that the procedure of dispersion of the 
catalyst in polymerization system affects the molar mass distribution of the product as is evidenced by the 
bimodality observed in the SEC chromatograms.  Poly (lactic acid) was synthesized by microwave irradiation 
catalyzed by stannous octoate (SnOct2) under vacuum. The molecular weight has been determined by viscometry and 
GPC.  
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1.  Introduction 
Polymers form the backbone of plastic materials and are continually being employed in an expanding 
range of areas. Polymeric materials are solid and non-metallic compounds of high molecular weights. 
Biodegradable polymer materials are of great interest because these are used in packaging, agriculture, 
medicine and other areas. Poly (lactic acid), PLA is one of the most promising biodegradable polymers 
(biopolymers) and has been the subject of abundant study over the last decade.  
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PLA can be prepared in two different ways: ring-opening polymerization (ROP) of lactide (LA) or 
direct polycondensation of lactic acid. Through the poly-condensation route it is difficult to prepare PLA 
with high molecular weight. The most important and general way to prepare high molecular weight PLA 
is through ROP. However, both methods need long time and should be run under high vacuum level or in 
an inert gas environment to complete the polymerization [1-4]. Microwave (MW) irradiation is a well-
known method for heating and drying materials and is utilized in many private households and industrial 
applications for this purpose. It offers a number of advantages over conventional heating. Few reports 
have been found in the literature concerning microwave-irradiation ROP of LA, Liu et al.[5] were the 
first to report the microwave-irradiated polymerization of d, l-lactide (DLLA). The polymerization rate 
was much faster than that in conventional heating. Peng et al. [6] polymerized d, l-lactide in presence of 
Sn(Oct)2 under MW irradiation at atmospheric pressure. Gong et al. [7-8] polymerized l-lactide in the 
presence of Sn(Oct)2 by using poly(ethylene glycol) and methoxy poly(ethylene glycol) as macroinitiator.   
In another study [9] poly (L-lactide), PLLA with ultra-high weight average molecular mass and 
narrow polydispersity index was synthesized by ring-opening polymerization. A synthetic purification 
method involving a water bath and two time recrystallization could improve the purity of L-lactide to 
100%. Poly(L-lactide) with a weight average molecular mass of about 102.4 × 104 and a polydispersity 
index of 1.16 was obtained when polymerization was conducted with molar ratio of monomer to initiator 
[M0]/[I0] of 12000 for 24 h at 140 °C [9]. 
Size exclusion chromatography (SEC) has become a powerful method for the determination of the 
molar mass of both averages and distributions of many polymers. For homopolymers the column set can 
be calibrated with standards of narrow molar mass distribution or by using universal calibration if the 
parameters of Mark-Houwink equation for the polymer under investigation in the eluent are known [10]. 
2. Experiment 
2.1. Chemicals and Reagents 
L-lactide was purchased from Sigma Aldrich, USA and recrystallized three times using dry toluene. 
Stannous octoate, Dibutyltindimethoxide, zinc stearate and triphenylphosphine were also purchased from 
Sigma Aldrich and were used as received. Chloroform, acetone, diethyl ether and methanol were 
purchased from Ranbaxy Ltd., India. Tetrahydrofuran of analytical grade was from Central Chem., 
Slovakia. It was distilled immediately before use and stabilized with 0.2 gL-1 of 2,6-di-tert-butyl-4-methyl 
phenol.   
2.2. Instrumentation 
The molar masses of products were determined by SEC analysis using THF. Differential 
refractometric detector was from Waters, USA. Two polystyrene/divinylbenzene linear columns from 
PSS, Germany were applied. Injection volume was 50 PL and injected concentration was 2 mg mL-1. 
Elution rate was 1 mL min-1. Molar mass averages Mw (weight average molecular weight) and Mn (number 
average molecular weight) of samples were calculated by means of Data Apex software applying 
calibration with polystyrene standards. According to the IUPAC terminology, the molar mass values 
obtained in this way are to be called “polystyrene equivalent molar masses”.  
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2.3. Polymerization 
Polymerization under nitrogen atmosphere. Different initiators (dibutyltindimethoxide and zinc 
stearate with and without triphenylphosphine as co-initiator) were used for the synthesis of polylactide 
over a wide range of monomer to initiator ratios (500 to 5000) under nitrogen atmosphere. The 
recrystallized monomer and initiator was dispersed with diethylether and after proper dispersion, solvent 
was evaporated using rotary evaporator. The monomer and initiator were vigorously mixed in a four-
necked round bottom flask (glass reactor) equipped with a PTFE stirrer. Flask was thermostated in an oil 
bath at (130 ± 1 °C). Under high vacuum dry nitrogen gas was allowed to pass through the reaction 
mixture through out the course of the reaction. In all polymerizations, different samples were taken from 
the glass reactor with a glass spatula. The maximum polymerization time was 45 h with 
dibutyltindimethoxide and 60 h with zinc stearate. The products obtained were dissolved in chloroform 
and precipitated in cold methanol. These were dried in a vacuum dessicator for 24 to 30 h.  
Polymerization under vacuum. Different initiators (dibutyltindimethoxide and zinc stearate with and 
without triphenylphosphine as co-initiator) were used for the synthesis of polylactide over a wide range of 
monomer to initiator ratios (500 to 5000) under vacuum. The recrystallized monomer and initiator were 
dispersed with  diethylether and after proper dispersion, the solvent was evaporated using a rotary 
evaporator. The resultant mixture was equally distributed among five different reagent bottles, and the 
bottles were thoroghly degassed under high vacuum. Reagent bottles were thermostated in an oil bath at 
(130 ± 1 °C). In all polymerization reactions, bottles were taken out from the oil bath at different intervals 
of time for kinetic estimation. The maximum polymerization time was 133 h with dibutyltindimethoxide 
and 76 h with zinc stearate. The products obtained were dissolved in chloroform and precipitated in 
methanol. These were dried in a vacumm dessicator for 24 to 30 h.  
Polymerization under vacuum in microwave reactor. A microwave oven with a working frequency of 
2.45 GHz was used in this study. The reagent bottles of 30 mL were used as reaction vessel. L-lactide was 
weighed into a reagent bottle and was degassed under vacuum. Sn(Oct)2 in diethyl ether solvent was then 
added using a micropipette. After the reaction mixture was treated by three vacuum cycles to get rid of 
solvent the bottle was then sealed under vacuum. The reaction mixture was divided into five reagent 
bottles for microwave irradiation for different time intervals. The reaction mixture was then irradiated at 
selected microwave power level and temperature. The crude product was cooled and dissolved in 
chloroform and precipitated in methanol. Then precipitates were recovered through vacuum filtration and 
dried under vacuum.  
3.  Results and Discussion 
3.1. Conventional heating  
Table 1 lists the values of Mn, Mw and PD for the PLA synthesized with various initiators at different 
monomer to initiator ratios and reaction time under nitrogen atmosphere. Table 2 lists the values of Mn, 
Mw and PD for the PLA synthesized with various initiators at different monomer to initiator ratios and 
reaction time under vacuum. In case of dibutyltindimethoxide and dibutyltindimethoxide/triphenyl-
phosphine, low molecular weight of polylactide up to a few thousands has been obtained. This may be 
because these initiators are known to be effective transesterification catalysts and also known to cause 
‘back-biting’ degradation. Zinc stearate also gave low molecular weight PLAs but these were higher than 
those obtained from using the dibutyltindimethoxide as an initiator. This may be because it is a weaker 
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base and requires higher nucleophilicity to initiate lactide. Experiments were also performed with zinc 
stearate at 180 °C, but significant degradation took place at this temperature. In some cases, more than 
one value of Mn, Mw and PD were obtained.  Bimodal PLA was formed as a result of incomplete and 
imperfect mixing of initiator with monomer [11]. The bimodality can be explained as there are a given 
number of initiator molecules, at a particular location in the polymerizing mass, for the given number of 
monomer molecules which results in their distribution among the growing number of polymer chains.  If 
the number of initiator molecules is less than the number of monomer molecules, then the number of 
initiating chains will be less which results in longer polymer chains. If the number of initiator molecules 
is more, then number of growing chains will be initiated and will result in lower average molecular 
weight products. Therefore, if the dispersion of initiator is not proper, we may get pockets of less, as well 
as more, number of initiator molecules and also more number of growing polymer chains. Therefore, if 
there is poor dispersion, it may result in bimodality or multimodality. 
Table 1. Synthesis of PLA with different initiators at (130 ± 1) °C under inert atmosphere 
Dibutyltindimethoxide 
Mo/Io ratio Polymerization time (h) Mn Mw PD 
1040 
11.50 2921 3459 1.1 
16.75 3360 4300 1.2 
23.50 3759 4928 1.3 
28.75 4412 5838 1.3 
34.50 3504 4988 1.4 
2555 
10.92 3662 4300 1.1 
13.42 3637 4506 1.2 
16.42 3978 4962 1.2 
18.42 4229 5582 1.3 
39.66 4461 7896 1.7 
Dibutyltindimethoxide/triphenylphosphine 
2564 
7.33 5962 7788 1.3 
11 6222 8969 1.4 
28 6923 10825 1.5 
Zinc stearate 
2594 
30.58 3848 5178 1.3 
32.58 4055 5337 1.3 
41.42 4299 6102 1.4 
46.42 4718 7105 1.5 
65 12679, 4464 19124, 5596 1.1, 1.2 
Zinc stearate/triphenylphosphine 
508 
14.25 5570 7768 1.3 
18 3718 8060 2.1 
20 6665 9336 1.4 
23 5979 9073 1.5 
30.50 6945 12154 1.7 
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Table 2. Synthesis of PLA with different initiators at (130 ± 1) °C under vacuum 
 
Dibutyltindimethoxide 
Mo/Io ratio Polymerization time (h) Mn Mw PD 
2573 
16.5 3383, 210 3539, 416 1.0, 1.9 
32.5 290 1083 3.7 
58.33 393 1352 3.4 
80.33 415 1688 4.0 
102.33 2106 3166 1.5 
5054 
85 779 2388 3.0 
97 1365 2278 1.6 
109 438 3319 7.5 
116 484 3831 7.9 
133 1270 3460 2.7 
Dibutyltindimethoxide/triphenylphosphine 
2572 
22.50 6722 10155 1.5 
32.50 9628 13271 1.3 
35.50 9701 15155 1.5 
38.50 10953 16967 1.5 
55 10256 18022 1.7 
Zinc stearate 
2299 
7 15398 25154 1.6 
11 9400 19066 2.0 
15 7551 14438 1.9 
18 8285 15664 1.8 
34.5 14389 27534 1.9 
Zinc stearate/triphenylphosphine 
2602 
78.25 6447 9629 1.4 
123 5138 8698 1.6 
148.58 6870 12419 1.8 
154.08 7776 13297 1.7 
155.25 5455 8411 1.5 
3.2. Microwave heating 
The experiments performed at the same temperature as in the conventional synthesis (130 ºC) did not 
result in polymer formation of any significant molecular weight. Experiments performed at 150 ºC also 
were unsuccessful. Thus, synthesis of PLA with microwave irradiation was tried at 180 ºC which 
resulted in the formation of PLA with molecular weight more than 10,000. PLA was synthesized in a 
microwave oven, under the following conditions: 
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Table 3. Synthesis of PLA under microwave irradiation at 180 °C under vacuum 
Microwave 
power(W) 
Mo/Io ratio Initiator Polymerization time (mins) 
180 5069 Stannous octoate 
10  
15  
20  
30  
 
Intrinsic viscosity ([K@ of PLA was measured with an Ubbelohde viscometer at 30 ºC in chloroform 
and Mn was calculated from the following Mark-Houwink (M-H) equation [12]: 
> @ 73.041045.5 Muu K  (1) 
Molecular weight was determined by using a viscometer and is shown in Figure 1, the reduced 
viscosity and logarithmic viscosity against the concentration.   
 
Fig. 1. Plot between reduced and inherent viscosity vs. concentration, g/dL 
The intercept gives the value of intrinsic viscosity. By using the Mark-Houwink (M-H) equation, the 
molecular weight of PLA was calculated as 11000 at 20 min. After 20 min the molecular weight 
decreased due to start of the degradation process.   
4. Conclusion  
Ring opening polymerization of lactide has been successfully carried out by using both conventional 
and microwave method. Comparative studies between reactions under MW conditions and conversions 
performed with a conventional heat source often resulted in the finding of shows rate enhancements under 
MW conditions i.e. the reaction time reduced from hours to minutes. Molecular weight of PLA 
synthesized under vacuum in microwave, as determined by viscometry, is 11,000. It is encouraging that 
even in a household microwave, we are able to synthesis PLA. 
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